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FOREWORD

The study reported herein was initiated by the Flight Dynamics laborstory,
Asrcnautical Systems Division, Wright-Patlerson Air Force Base, Ohic, at
the recuest of the U. S, Army Transportation Corps under MIPR-TRECOM-57-34,
Department of the Army, Project No. 9-38-01-000, Task Mo. 302. The work
was accomplished by ths Vertol Division, Boeing Alrplane Coupany, Morton,
Pennsylvania, under Air Force Cantract Ko. AP3I3(625)-524C, Project No. 1370,
"rnaaic Problems in Flight Vehicles, ™ and Task No. 13749, ™Methods for
Prudicting Rotor Induced Helicopter Vibrations.® Mr. Ottc P. Neurer of the
Vshicle-Kinetics Section, Dynamics Branch, Flight Dynamics laborstory is
task mgineer on Task No. 13749. The study w.s initisted 7 April 1957 end
is continuing. This report is Phase VII of the subject contrect.

The valuable contributions of the Vessrs. 0. J. Smyers and H. Stemnfeld to
this priject were especially helpful and zreatly apprecisted.
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ABSTRACT

This report presents the results of a study aimed at
improving the correlation betwsen recorded heliccoter
vibration da’ta and pilot comment:.

Lissajocus' patterns of resultant displacement, velocity,
and acceleration are constructed and evaluated to define
thosg characteristica which best correlate with the per-
tinent pilot comments. A new meuasure of comfort level,
Equivalent Vibration Level (V,,) is defined. These quan-
tities are calculated for all gisanous' figures, and
resultant acceleration is seen to be the most wmeaniugful
parameter. An improvement in the degree of correlation
betwasn measured vibration and pilot comment is shown
through the use of Vgq for the patteras of resultant
acceleration, in lieu cf the standard vibration ~iiteria.

PUBLTCATION REVIEW

This report has been raviewed and is pudlished for the exchinge
and stimulation of ideas-

POR THE COMMANDER
Ve -
Pl e 2 7
7 BN r'&-v

Wilad bV Co
Golae s ', USAF

Chs «&, Tlight Dynamics Latoratory
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1. INTRODUCTION

At the present writing there exists no subutantiated vibration
comfort criteria whach includes the variables of harmonic con-
tent, phasing., and wotion along more than one axis. Present
procedures for determining the acceptability of helicopter vi-
bration data conrist of comparing measured harmonic amplitudes
irdividually with the prescribed acceptance limits, and for
each direction of motion separstely.

Even the most experienced pilot sometimes finds difficulty in
trying to distinguish in detail the direction and frequency of
the highest amplitude components, and indeed cases have been
observed where the pilot comment was “unsatisfectory™ yet the
neasured daia met the prescribed limits. The converzc of this
has also been observed, as have cases where two diffexent
flights displayed the same mcasured vibration characteristics
yet the comment was "satisfactory™ in one case and "unsatis-
fzctory™ in the other.

1f such poor correlation exists between pilot comment and mea-
sured vibration where the data are considered highly relisble,
then it follows that either the pilots' tolerance varies appre-
ciably from flight to flight or indeed the measured data arc
not being analvsed comprehensively enough with reapect to all
the variables which comprise the physiological impression sen-
sed by the pilot. While the variation of pilot tolerance can-
not be ligh4ly dismissed, it is considered essential to first
make a more comprchensive snalysis aad correlation of: (1)
combinations of harwonics, (2) direction of motion, and (3)
their respective phasing to pilot ccmment.

The study reported under this contract is believed to be the
first specific attempt to evaluate such combinations. To
accomplish this, existing recorded data and pilot comment wor:
reviewed, certain cases selected and the data further analysed.
The vertical and lateral components from each selected flight
were then recombined to form patterns of resultant motion in
the vertical-lateral plane. The objective of this study, of
course, was tc oxamine, (1)- the degrece of correlation between
these patterns, which contain all harmonics and phase relation-
ships, and (2)- the corresponding pilot comment - with s view
towards establishing a new comfort criteria that would bear
more realistic relativu-hip between vibration measurements and
the pilot's reaction.

Manuscript released by the author in December, 1960 for publi -
cation as a WADD Technical Report.

WADDTRéE1 -66 -1 -




I1. DATA ACQUISITION

During the course of production flight testing of the H-2!
series helicopter, a large volume of cockpit floor vertical
and lateral vibration lovels was recorded. Approximately 350
aircraft of! this type were involved and the data covers the
entire airspeed range at nocrmal rotor speed.

MB velocity pickups, located as shown in Figure 1, were used
to record all vibration data. The output signals of these
pickups were fed through integrating amplifiers and the re-~
sulting displacement traces recorded on the oscillograph.
Figure 2 1s an oscillograph reccrd of the type used in this
study. The analysed data was detersined to be acceptable by
comparing amplitudes of individual harmonics for each direec-
tion of motion with the limits prescribed in Reference 1.

Furthermore, it was required that the pilots acrept or rejcct
cach aircraft on the basis of the vibrations encountered at
the time these records were taken, irrespective of the
measured data.

WADDTR61 -66 ~ 2
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111. DATA SELECTION

The “cross-checking” of measured amplitudes and pilot comment
on vibrattion acceptability over the complete speed range re-~
sulted in many combinations of pilot and data agreemert and
disagreecment. PFor this study, several individual flights for
which measured data and definite pilot comments existcd., were
selected at random and divided into five groups. These groups
are:

1. The measured vibration level is acceptable and the pilot's
comment is “acceptable.®

2. The measured vibration level is unacceptable and the
pilot's comment is “unacceptable ™

3. The weasured vibration level is acceptable and the pilot's
comment is "unacceptable . *

4. The measured vibration level is unacceptable and the
pilot's comment is "acceptable.”

5. Two flighte, on the same helicopter, of apparently similar
vibration level evoking conflicting pilot comment.

Por this study, one example of group No. 5 is considered while
three cases of groups 1 to 4 are included. 1In all cases, mea-
sured vertical and lateral data at the cockpit floor were
analysed since it is felt that these modes would have the
greatest influence on » pilot's opiaion of aircraft vibration
level.

WADDTRB1 -66 -3 -
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IV. HARMONIC ANALYSES

At the time these vibrations were recorded, i.e. during
production flight tests, a graphic harmonic annlysis
(Reference 2, pages 120 - 135) was performed and the
individual harmonic amplitudes for both the vertical and
lateral vibrations were calculated. No particular attemspt
was made to entablish phase relationships.

The amplitudes were limited to the first threc harmonics of
rotor speed since in a three-bladed heiicopter a pilot's
comment i= based largely on these frequencies, and indeed
the human body is most sensitive in this frequency range
(References 3 and 4). The entire datz analysis operation
was performed manually and the resultiag amplitudes are
those from which the helicopter's acceptability (by data)
was determined. This graphical analysis was perforned
always using the most typically repetitive rotor cycle

from the oscillograph records.

The re-analysis for this study used & more exact 24 ordinate
digital apalysis as described in Reference 3. Mere both
phase and a more axact amplitucde determination were the
objectives. It was performecd on the same rotor cycle as was
originally chosen and made use of an automatic digital
computing machine. The data reading equipment consisted of
a Benson-Lehner Model Oscar J data readerx, Figure 3, incor-
porating an IBY Model 026 keypunch for autosatic preparation
of input cards. Thes¢ cards were fed into an IBM 850
computer for the harsounic analysis.

This program consisted essentially of s curve-fitting
process, matching the curve at a fixed number of points
by the classical Fourier expansion:

£(t) 'nzlan sin nedt * i o"“ cos nedt (1)

A simultanecus equation solution is performed for the
ccefticlents of the sine and cosine terms utilizing a

minimum cf (2K 4+ 1) ordinates in order to provide (2K 4 1)
equationg in (2K & 1) unknnena K where K ia the highe«t harmon-
fc number component sought. Since harmonics as high as 10

and 11 were observed in wome cames, a 24 >rdinate analysis

Was selected. This procedure prevenis unaccounted-for

higher harmonics from being attributed, erroncously to the
lower orders which are of primary iaterest to the program

WADUTR61 -66 -4 -
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The sine and cosine coefticients were then restated in toerms
of resultant and phase angle and since, as in the production
check for acceptance, harmonics only up to the twird are
considered in this investigaiion, Equation ! is rewriiten
for the correlatior effort us:

£(t) = alcosht + Ol) -+ azcos(m ¢02) - uzcos(ut-# 03) (2)
there a, 2 amplitude of nth harmonic

¢n 2 phase angle of nth barmonic

WADDTR61 -66 -5 -




V. CALIBRATION

The idesl transducer for vibratiou measurement would have
an output whose amplitude and phasing is constant with
frequency as shown in Pigure 4. The standard veloucity
pickup circuit as employed by VERTOL has the nominal
frequency characteristics shown in Pigure 5. The fact
that amplitude und phase of pick-up output are a func.’on
of frequency resuits in the recording of a complex wrve-
form which differs considerably from the actual motion
sensed by the transducer. This must not be overlooked or
a misleading interpretation will follow. The recorded
waveform, therefore, must be corrected for frequency
elfects on phase and amplitude.

A. Phase Calibration

1n order to determine the amount of the imstrumuoctation
phase shift, three identical racording aystems couasisting
of MB velocity type pickups. integrating ampliliers,
galvanomoters, and recording oscillograph of tho same type
used in acquiring the original data were phase calibrated.
This required that histories of the system ocutput and
actual shaker table motion on the same time base be
obtained The record of table motion was obtained by
recording a signal from the shaker control o<cillator to
the shaker armature on an oscillograph, (Pig:..e 6).

Since the oscillator signul was to be used as the reference
for phase calibration it was first necessary to determine
the change in phase between the shaker table motion and
this signal. To do this a strain gage was mounted on the
table support and asalog recordings of the voltage from the
oscillator and »train gage bridge were obtained as shown

in Pigure 6.

The 4B model C-1 shaker table used for this calibratiova

is an electro-magnetic type in whica th. table is attached
to the armature which 1s subjected to a constant field.
The velocity of the shaker armature and therefore the
tible is proportiosal to the armature current and, there-
fore, to the input voltage from the oscillator. The
signal from the osciilator thus should lead, by 90°, the
displacement signal from the strain gage.

Toe phbase diffsreace of ¢

the low frequency range of prime interest in this study.
and was, in fact, found to be °, By this means, the
validity of the oscillator sigaal as a reference for the
MB pick-up velocity was proven.

he twe signalc was chocked over

¥ADDTR61-66 -6 -




The recoided pnrse diffc:ance betwcen the table motion

and the snystem output, as determined in Figure 7, is thus
tae total phuse sbift of the recording systems. Test 2 was
perforwed f01' all three recording systems; the results for
ihe three syutems are given in Pigures 8, 9, and 10. The
calibiation us averaged and used in this siudy is presented
in Vigure 11.

The sign convention used in this study for phasing was one

in which positive @c was read as that angular increment

from (v zZero time refereuce to the first positive point

of inflection of the sign wave tc the left of the zero

timo reference, i @., in the directior contrary to increasing
tizc.

et

-~
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IﬂPc is negative, it must be read as that increment of
tine from the zero reference to the first positive point

of inflection to tho right of the zero timwe reference, i.e.,
in the direction of increasing time.

-o%)

W,

With this convention in use, tbe appropriate sign for
rephasing of the actual motion to the recorded motion
(applying the @c) would be plus (4) when the actual
motion is lagging or occurring after the trace motion,
aod ninus {-) when the actual motion is leading or

vceurring before the trace in the direction of increasing
time.

B. Amplitude Caljorstion

In order to couvert the rccorded oscillograph tracss to
actual amp: itudes, it was necessary to determine the
sensit.vity of output amplitude to frequeancy. To do

this, MB’'s froms each of the recording systewms were

nountod on the C-1 Shaker Table. The table was then
excited at known ampiitudes over a frequency range from

2 to 30 cps. Oscillograph records of MB output were taken

at varioua roints {n the frequency range. Thess rocords
were then compared to the table displacements, as measured
by az MB Type OC-1 calibrated microucope, thus establishing

the amplitude sensitivity of the various pickups.
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A total of 6 pickups were calibrated in this manoer with
the resulting scatter bund in sensitivity being less than
5% (Figure 132). This close agroement from ¥B to MR
allowed a mean or sverage curve to be drawan and applied

to all pickups. Figure 13 te such 2 cumrve and was used
for ihis study.
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VI. PEANALYSIS OF DATA

A. ¢ rrection and Resynthesia of Recorded Motion

As men:iioned in the preceding section certain amplitude
and phase corréctions must be made to: Equation (2).
Section V dencribes the determination of these correction
facto;g. Letting = the amplitudn: conversion factor for
the n harsonic Qn = the phas2 ungle correction for
the n™" harmonic, the projras proceeded to apply these
corrections to equation () as follows:

f(t) - klalcos(n)tO 01 *d'.:l) + kz‘z"ﬁ“(m ‘02 "002)

+ kaaqcos (3wt +¢3 + 0’_3) [ §))
The resulting ampiitudes and phase angles are then those
of the actual mction as sensed by tho pilot. Special care
was taken *to assure consistency in tie sign convention for
phase angie corrections as described in Section (V<A.)
Having detormined actual harmonic amplitudes and phasing,
equations (4) and (35) represent the trace excursions which
would have becn recorded had it been posmzible to measure
vibratory motion with no amplitude attenuntion or phase
1thifts due to the instrumentation.

For vertical motion:

x = A cost "¢lx) + Ahcos(ﬂwt #02“) + Asxcr:rs(iidt +¢3,‘)
4)

For lateral motion:

Yy - Alycos(wt +¢ly) + Azycos(m - ¢2y) . A:,,cos(ﬂvt +03y)
(5

ne

Where A Actual amplitudes in the nth harmonic,

ai ith direction

4
ni * Actual phase angles for the pth harmonic,
ith directimn

WADDTR61-66 - 10 -




A vectored combination of Equations (4) and (5) would then
give the resulfzur planar motionm of a poirt in space. In
order to investigate the resultant velocity and acceieration
of such a point, the program included conversion of the above
expressions to velocities and accelerations as indicated in
Equations (6) and (7).

For velocity:

gi =Waiicos(wt +4y + T4 + mzicos(zvt +P ;5 + TWH)
+ 3., cos(3wt + + ) (e)
. P35+ T3

an.. for acceleration:

L:; .w%licoe(dt +O+ 1) + dnz,cos(h't + Py ¥ 1)

+ 902A3‘cos\30t 4b3 » TT) &p)
b |

B. Evaluation and Plotting of Corrected Wave Forms

It Jas necessary to numericsily evaluate Ejuations (4)
through (7) preliminary to plotting the desired Lissajous'
figures. This was accomplished, as a subroutine to the
barmonic analysis program, using 107 incresents of the
azimuth angle,@wt, between the limits of 00 and 360°.

The resulting vaives for x, y, %, ¥, ¥, and Y are then,
indeed, the ordinatcs of the desired wave forms. The
ordipates are then plotted in sequential time order by
use of an Electronic Associates Model 3033-A-2 avtomatic
data plotter.

This plotter accepts digital ipput from IEM cardes and,
afte: converting these data to the snalog mquivalent, it
produces an x-y graphical representation of the digital
information.

By definition, a lLisccjous' figure is produced by the motion
of a point whose plane (artesian co-ordinates both vary
periodically. Since the output of the data plotter 1s in
this form it may be and i, herein referred to as Lissajous’
patterns of motion of a point jn spacc.

JADDTR61-66 - 1l =~




Considering wotion ir a transverse plane, the reference axis
is shown in Pigure 14, where x is takeu as vertical and y as
horizontal. If the cockpit floor was subjected to a vertical
vibration only, at a frequency of ome per rotor revoiution
the mction versus time and the projoction on the x axis would
be as showu in Pigure 15. If the cockpit was subjected to
simultansous vertical and lateral vibrations which were in
phase with each other, as shown versus time in Figure 18,

the resultant or Lissajous’ pattern of the two would be the
straight line constructed by their projections in the same
figure. Presume further that a 90° phase difference be

added to the combined vibrations, then PFigure 16 would bs
aitered to a circle as i1n Figurs 17.

These casvs are of course, of a basic nature iu that they
are all of equal frequency and amplitude and involve nothing
more than a simple shift in phasing of the input wave forms
for Pigure 17. Noting the resulting change in the Lissajous'
pattern for this shift, the effects of more complex phase
sbifts and combinations of frequencies on the figures can

be visualized.

The preceding discussion desrribes the entire IBM program
from analysis of the vibration records to the graphical
representation of resultsnt displacemscnts, walocities, and
accelerations. Pigure 18 is a flow diagram of thic work
as performed by the 650 cumputer.
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VII. PRESENTATICN AND DISCU3SION OF RESULTS

In order to seek ocut the best possible correlation between
pilot comment and resultant displacement, velocity, ard
acceleration, the Lissajous' plots were divided into two
groups with respect to pilot commeni, i.e., acceptable and
unacceptable. The rumber in the upper right hand corner
of each plot identifies it with respect to the groups of
data agreement with these comments {(Pigure 19).

A review of these plots was made in order to determine thosc
characteristics which best define iheir acceptability and
unacceptability to the pilot.

The first parameter investigated wa= the overall acceleration
or amplitude of the figure. Thin was measured along the
sajor axis of the indicated ellipse. As expected, the
unacceptable cases display larger amplitudes but there are
cases of acceptable comment whicn have amplitudes just as
high, Plot No. 74 (Figure 37), o higher, Plot No. 70

(Pigure 25), than any oi ibe unacceptable data. The con-
ciusion must then be that this parameter 1s not {n f{tself

the only definiiion of acceptability.

Examining the inclinatilon of the Lissajous' figuies of
gesultant s.celeratiou and acceptable and unacceptable
comments, indicates that a majority of the acceptable plcts
bave siopes close to vertical or, in some cases, plots No.
64, 85, 66, and 70 (Pigure 25), the figures are completely
verticaily oriented. This ipdicates that the apparent slope
of the Lissajous' figure has to be included in any attempt
to define the acceptability of a given Plint However, this
perametey in L4sclf would once again not be sufticient since
there are exceptions, Plots No. 81 and 82 (Pigure 31).

E-rcntricity, which is a function of the ratio of the minos
axix of the indicaved sllipse tc the major axis was alse
investigated. A mzjority of the uaacceptable figures appear
wider tham the acceptsble cases along their minor axes,
Plotwm No 72, 73 78, 76. and 78 (Pigures 26, 38, and 32
resgectirzly) versus o4, 65, 68, 71, 74, and 84 (Figures

25, 37, sad 31 respe-rtiveziy). This indicates the peud for
including 2cceatricity in determining the acceptability

or unacceplabilil*y of a given Lissajous' pattern. The
sccentricity is daterm:ned by

P ———————————
-1 3
e = ¢ 1t .m?
N2
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Where M = length of semi-major axis

» = length of semi-minor axis

An equivalent vibration lcvel Ve which would best define
these figures would then contain 9these tbree paraneters.

A simplified means of arriving at a Voq of this nature

would be to cumbine eccentricity and slope into one parameter.
Such a combinstion is given by the ratio of the peak lateral
to the peak vertical acceleration for a given plot. If
Lissajous patterns similar to FPigure 20 were obtained, a
measurement of the peak lateral and vertical components,
clearly includes both eccentricity and slope.

Figure 20 represents threc ellipees, two of equal eccentric-
ity but different slopes, and two of equal slope but different
eccentricity. The ratio of peak accslerations obviously
cannot indicate which of the two parameters, ecceantricity

or slope, is the prevailing influence, bHut does show the
combined cffect.

By comparing accelerations which resulted from flights of
acceptable pilot .omment to those resulting from a condition
of uwnacceptable comment. the presence of this characteristic,
and indeed the importance of it in these patterns, can easily
be seea. With the exception of Plots No. 80, 81, and 82
(Pigure 31), which are of small amplitude, only one of the
acceptable data displays a lateral to vertical ratio greater
than 0.53 while 11 of the 12 unacceptable cases produce
ratios which are bhigher. This shows that the ratio is
important: the question iw then raiscd bow can this ratio

be combined with the magnitude of acceleration also assumed
to be important?

Since vibration level is commonly expressed in g, the
proposed measure "Equivalent Vibration Level,"” will be in
these units. Therefore, a dimensionalizing factor must
be applied to the y/x term to make all units compatable.
The desired criteria would then be expressed as ‘

Veq = A + K y/x ()
where A £ Resultant Acceleration

Y 2 Peak Lateral Acceleration
¥ £ Peak Vertical Acceleratton

K £ Dimeisionalizing Constant

VADDTR6! -66 14 -




The value of the dimensionalizing constant was arrived at
by considering the average values for the resultant accel-
eration and slcpe of the Lissajous' patterns, ¥ and (y7¥)
respectively.

. (9
T

Since the values for unacceptable acceleration resultants
and ratios have a great deal of scatter compared %o
acceptable values, the numerical value of K was
determined using the average of the pilot acceptable
resultant accelerations and lateral to vertical ratios,
It was found to be 2.2% g/ir/in for this study.

In addition, as a matter of interest similar averages
were obtained using both acceptable and unacceptcble data
by pilot comment. Both these values for K were used in
Equation 8 to calculate "Equivalent Vibration Levels”

for all Lissajous’' pattarss.

Pigure 21 shows the data obtatned using the X factor derived
from all the data. A lack of scparation exists between a
pilot acceptable and a pilot unscceptable V tn this plot.
By comparing these data to those of Pigure ’g. where £ was
determined by using the acceptable data cnly, it is
concluded that the large spread of the unacceptable
accelerations and ratios is responsible for the lack of
definition between a pilot acceptable and unacceptable

veq in Pigure 21, corroborating the original assumption.

A second limit on Vgg is svggested by comparisons of cases
where there are resultant accelerations sith equal or nearly
equal amounts of vertical aud lateral acceleration. An exampl.
of this condition is Plot No. 80 ( Pigure 31) where both

the pilot comment and the original data analysis were
acceptuble. If the vertical acceleration (x) of Plor No. 80
wao 12 become very small and indeed go to zero while the
lateral acceleration was also smal! but finite, the y/x term
would then go to infinity. The resulting Veq would then be

of 8 very unacceptable nature, vheream, the environment itsel!
would be even more acceptable, toc the pilot, than the

original condition of Plot No. 80.
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Therefore, from examination of Plots No. 80, 81, and
82, it appears that vhen the resultant acceleration is
leus than 0.4 g's the pilor will accept the vibr=iion
encountered regardless of the eccentricity or slope

of the resultiug Lissajous pattern. Rauivalent
vibraicion level is therefore best redefined as being
limited:

Veq = A# K y/x for A>0.4g
where A : ) Resultant Acceleration

K
Y

Dimensicnalizing Factor
Peak Lateral Acceleration

s us ap

X = Peak Vertical Acceleration

Pquivalent vibration levels with this modification are
presented in Figure 22. A grey area or overlap is present
in this plot. This area of uncertainty must be accepted
as that factor which is present in any analysis of human
opinior. Pigure 22 indicates that an "Equivalent
Vibration Level” equal to or 1:18 than 1.5 is unquestionably
accepiable, whereas a Vgq equal to or greater than 2 is
seen to be unquo-tiouabl; unacceptable. Those casmes in
between these two f{igures must then be te:med "margioal."”
Comparing the Veq to thosc cases where pilot comment and
the standard vibration criteria were in disagreement, two
cases of unacceptable comment but acceptable data, Plouts
No. 72 and 73 (Pigures 26 and 38 respectively), are now
shown tc be unacceptable by data, and one case which was
originally acczptable by pilot comment and unacceptable by
data, Plot No. 69 (Figure 25), is now shown to be
acceptable by use of the Veq. Further, tbe four resnining
cases 0f disagreement, Plots No. 70, 71, &8, and €7
(Frigures 25 and 26 respeciively). are all seen to be in
the marginal area, whereas the original analysis termed
tae data either definitely acceptable or unacceptable,
definitions which were in complete disagreement with

the pilot's report, thus demonstrating the significant
improvement in correlation achieved through ths use of

the Veq.
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Resultant displacement and velocity were also considered
and “BEquivalent Vibration Levels" were calculated in a
similar fashion., Pigures 23 and 24 pre=ent these data
which show no clear definition between am accasptable
pilct comment and an unacceptable comment. Thus the
choice of resultant acceleration as the most significant
parameter 1s further substantiated.
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VIII. OONCLUSION3 AMD RECOMMENDATIONS

The principle result of this annlysis is the definition of an
Equivalent Vibration Lovel V )} for determining pilot accept-
ance or rejection of helicopte? vibration.

Before any strict interpretation or application of this index
can be made, certain qualifications must be considered. With
the iastrumentation located as shown in Figure 1, the result-
ing motions, correct as they are, do not necessarily represent
the exact motion that prompts a pilot's comment. Further. the
aircraft used for this siudy, the H-21C, incorporates g pilot's
seat mounted such that is isolates 3rd rotor order in the ver-
tical direction, thus the pilot hizself experiences a slightly
different motion. The probable influence of longitudinal modes
is another factor not to be overlooked in a more exact deter-
sination of a three dimensional V,q.

Ia this work, as in any analysis of human opinica, the amount

of data considered is most important, While the flights used
for this analysis represent clear cut examples of piiot com-
ment on the vibrations encountercd. their total number is indeed
a minority  However, a distinction between an acceptable and

an unacceptable Vg is becoming appareni, even frow this rel-
atively small sanp?in It is conceivable that a larger samp-
ling would result iz a much clearer distinction.

A fifth and final consideration is that this criteria was de-
termined using data from one type of aircraft only It is
probable that a large sampling of various aircraft would then
result in a universal Equivalent Vibrition Level.

To eliminate qualifications which must now ¢- placed on the
Veq, becausic of the ;imitatiovns discusred ais vo, three aveunucs
of investigation are open.

The firut proposed study would be ome 1 vircn the piiot's seat
itself was instrumented. An analysis of tre data resulting
from such instrumentation would result in pissajous' patterns
of motion more clomely ielated to the rewsulting pilot comment
than those of Figurca 25 to 38

Another porsibility is a test program utilizing a vitrating

veat with three degrees of freedom (vertical, lateral and long-
itudinal). and (orrelating forced motion data with the resulting
coma-Gts. This progras could allew for:  (a) changing various
parameters individually. e g. amplitude. phasce: (b) determining
whether vertical., tateral or longitudinul modes were most
objectionable In this program accelcecrometers could be used in
lieu of vibration pickups 4o that direct measurements may be

used to calculate thf raiher than polong through the harmonic

WADDTR61 -66 - I8 -




analysis and resynthesis necessary with MB vaibration data.
An evcn more expedient method would use an electronic device
producing, on a scope, actual Lissajous patterns which could
be photographed and then measured for calculations of veq“

The final and, it seews, the most logical program would eval-
uate various types of aircraft and correlate the vibration
data taken with pilot comments. This program wouid cvaluate
the influence of different seat copfigurations and other items,
such as the reactions of pilots to reciprocating engine air-
craft and turbine powered aircraft. Using the instrumentaticn
recommenced in the preceding paragraph, in conjunction with
the analysis vresented in this report, an evaluation of this
type couvld, hopefully. result in a reliable, universally
applicable, Equivalent Vibration lLevel.
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